Amantadine-resistant influenza A/H3N2 viruses have recently emerged worldwide [1] [2] [3] [4] . In the 2005/2006 and 2006/2007 seasons, our group reported that 60-100% of A/H3N2 viruses circulating in Japan were resistant to amantadine [5] [6] [7] . Almost all amantadine-resistant viruses had a single S31N amino acid substitution in the transmembrane region of the M2 protein, conferring resistance to amantadine; these viruses consistently possessed two additional amino acid substitutions (S193F and D225N) in the 190-and 220-receptor binding domain loops of the haemagglutinin (HA) gene [5] [6] [7] [8] [9] [10] . This lineage, which we named clade N, was first reported in Japan in an off-seasonal outbreak in Nagasaki in autumn 2005 [5] . Evidence suggested that this virus started to circulate in Asia from early 2005 [1] and had spread to Okinawa during mid-2005 [9] , eventually forming the clade N amantadine-resistant strain that was predominant in circulation in the winter of 2005/2006 in Japan [7] . Consistent with our data, several other reports documented the emergence and wide spread of clade N (later termed the N-lineage) amantadine-resistant strains in several countries, suggesting worldwide dissemination of this strain [1] [2] [3] [4] . The wide spread of amantadine-resistant A/H3N2 viruses was partly attributed to the HA S193F and D225N dual mutations [5, 7, 11] [8] . Genome-wide analysis suggested that the genesis of the N-lineage resistant viruses was caused by a 4+4 segment reassortment event between two distinct lineages of influenza A/ H3N2 viruses in previous seasons [11] .
In this study, we performed full genome analysis of amantadine-resistant and amantadine-sensitive influenza A/H3N2 viruses isolated in Japan between 2006 and 2008. We aimed to use this information to further analyse the evolutionary events that have occurred to the amantadine-resistant viruses, which successfully continue to circulate in various countries without pressure of the drug [1] [2] [3] [4] 7, 8, 10, 12] .
Methods

Sample collection, virus isolation and antiviral susceptibility testing
Influenza A/H3N2 virus was isolated from nasopharyngeal swabs obtained from patients with influenza-like illness who visited outpatient clinics located in six areas of Japan (Hokkaido, Niigata, Gunma, Kyoto, Nagasaki and Okinawa) [7, 8, 10 ]. An informed consent form was obtained from the patient prior to sample collection. The study was approved by the Niigata University Research Ethics Board (Niigata, Japan). Virus isolation was performed in Madin-Darby canine kidney cells as previously described [7] . The 50% tissue culture infectious dose per 0.2 ml test was employed as a phenotypic assay for the determination of amantadine susceptibility in addition to M2 sequencing as a genotypic assay of resistance [7] .
RNA extraction and gene sequencing RNA was extracted using an Extragen II kit (Kainos, Tokyo, Japan) and reverse transcription was performed using Uni12 primer [13] . HA1 gene sequencing was performed as previously described [10] . Full genome sequencing of representative isolates, collected in Japan between 2006 and 2008, was performed using segment-specific overlapping primers with M13 overhangs on the 5′-end for the convenience of sequencing [14] . Obtained sequences were assembled and edited using the SeqMan Pro software included in the DNAS-TAR Lasergene package (Bioinformatics Pioneer DNASTAR, Inc., Madison, WI, USA). Gene sequences obtained in this study were deposited in the GenBank database under accession numbers CY037111-CY037294 and CY041653-CY041725. [16] . Phylogenetic trees were constructed for concatenated sequences and for each individual segment by a neighbour-joining method with bootstrap analysis (n=1,000) using the MEGA (version 4.0) programme [17] ; maximum likelihood analysis employing PhyML software [18] 
Phylogenetic analysis and sample selection
Results
Firstly, to explore the evolution of amantadine-resistant and amantadine-sensitive influenza A/H3N2 viruses, we inferred a phylogenetic tree of the HA1 domain of the HA gene of viruses from 2005 to 2008 ( Figure 1 ). Of the 34 amantadine-resistant viruses obtained in 2005, 28 (82%) possessed the N-lineage HA1 pattern, having both S193F and D225N substitutions; only 1 had the S193F substitution alone. In 2006, 34 out of 35 (97%) amantadine-resistant isolates had the N-lineage HA1 pattern; none of the amantadine-sensitive viruses analysed (n=11) had either the S193F or D225N substitutions. In 2007, all resistant (64/64) and sensitive (29/29) viruses possessed the N-lineage HA1. In 2008, we could not detect any sensitive viruses and all analysed resistant viruses (15/15) belonged to the N-lineage.
To further understand the genetic background of resistant and sensitive viruses, the full genomes of 23 representative isolates selected from the major HA1 branches were sequenced and compared with 84 samples from the database. Based on the concatenated genome sequence tree, we subdivided the isolates into two major phylogenetic lineages: pre-N-lineage with S193 and D225 formed mainly of amantadine-sensitive strains and N-lineage with S193F and D225N amino acid mutations with the a majority of amantadine-resistant viruses ( Figure 2 ). Pre-N-lineage viruses were further subdivided into five phylogenetic clusters (bootstrap value >70%) in the concatenated tree, denoted as clades A-E, which accommodated To further understand the genetic makeup of N-lineage viruses, topologies of this lineage were analysed in the individual segment phylogenies in relation to other reference viruses (Figure 3 ). Because our aim was to study the genetic relationships among amantadine-resistant and amantadine-sensitive isolates constituting the N-lineage and their closest ancestor, we will not discuss the genetic relations of clades A-E (refer to Holmes et al. [19] for the phylogenetic history of pre-N-lineage strains). Clade N1 viruses derived their PB2, HA and NS segments from clade E, PB1, PA, NP and MP segments from clade A and the NA segment from clade C. Clade N1 was the progenitor of clade N3 viruses in all segments except for the PB2 and NP genes, which were more closely related to clades C and D, respectively. By contrast, clade N2 viruses were most closely related to clade N1 on the PA and HA segment phylogenies. However, on the other segment phylogenies, clade N2 viruses were most closely related to the pre-N-lineage strains; they were related to clade C on the PB2, NA and MP trees, to clade E on the PB2 tree and to clades D and A on the NP and NS trees, respectively.
Two that contained the S31N substitution in HA1, but not the S193F and D225N substitutions, were identified. These strains were most closely related to the N-lineage amantadine-resistant strains in the trees of the PB1, PA, NP and MP segments. In addition, a number of sporadic reassortant viruses with a genetic background in some segments that was similar to the N-lineage viruses were detected ( Figure 3 ). The amantadine-sensitive A/Nagasaki/34/2007 strain could be classified as clade N2 in the HA (which had the dual mutation of S193F and D225N) and NP trees, and as clade N3 in the NA tree; however, it was accommodated by the pre-N-lineage strains in the other segments' trees (Table 1) . Three other singleton isolates were found to possess segments of various backgrounds suggesting reassortment (Table 1) . These findings lead us to believe that reassortment events are frequently and continuously occurring in A/H3N2 and are the driving force for the generation of new strains. For all trees, analysis by neighbour-joining phylogeny matched with maximum likelihood analysis.
Taken together, our results strongly suggest that clades N1, N2 and N3 have evolved in multiple reassortment events, but share common ancestry in some of their segments (Figure 4 ). Clade N1 amantadineresistant viruses possibly originated in a reassortment event involving segments PB1, PA, NP and MP, which descended from earlier amantadine-resistant strains in 2004 that belonged to clade A, NA from an amantadine-sensitive strain in 2005 (clade C) and PB2, HA and NS from an amantadine-sensitive strain from Figure 4 . Schematic illustration of the proposed reassortment events that contributed to the evolution of N-lineage viruses Clades were elicited from those identified in the concatenated tree figure (Figure 2 ). Colour code of sequences is as follows: light blue, clade A; yellow, clade B; dark blue, clade C; violet, clade D; green, clade E; red, clade N1; orange, clade N2; pink, clade N3. In the case of N-lineage, the colour of the circles representing N1, N2 and N3 strains corresponds to the colour of their phylogenetic clades in Figure 3 . The colour of the bar for individual genome segments of the N-lineage corresponds to the colour of its closest ancestor strain in the pre-N-lineage. Red was used for segments that were acquired from N1 by N2 or N3 strains; the segments obtained are indicated on the arrows. AmR, amantadine-resistant; AmS, amantadine-sensitive; HA, haemagglutinin; MP, matrix protein; NA, neuraminidase; NP, nucleoprotein; NS, non-structural protein; PA, acidic polymerase; PB1, polymerase basic 1; PB2, polymerase basic 2.
(clade E)
. Furthermore, the amantadine-sensitive N-lineage strains or clade N2 seemed to possess the genetic background of various pre-N-lineage strains, but acquired their PA and HA segments from clade N1. By contrast, clade N3 strains obtained most segments from N1 (PB1, PA, HA, NA, NS and MP), but acquired the PB2 and NP genes from amantadine-sensitive strains from 2005 (clades C and D, respectively).
To gain better insight into the relationships among clade N1, N2 and N3 viruses and to investigate why only N3 viruses and not N2 viruses were able to prevail in the 2007/2008 season, we determined the amino acid substitutions in N2 and N3 strains in comparison with the N1 strain. The overall comparison between pre-N-lineage viruses and N-lineage were not performed owing to the complexity of their genetic background. Altogether, 27-32 amino acid changes characterized N2 viruses in comparison with N1 (Table 2) . Of these changes, seven fell in the HA segment and five in the NP segment. Four changes were detected in the NA segment. In addition, PB2, PB1-F2, M1, M2 and NS1 each had three differences, whereas PB1 had only one amino acid difference. In the case of clades N1 and N3, 19-21 amino acid differences were observed: 6 each in the HA and NA segments, 5 in NP and 3 in PB2 ( Table 2 ). The remaining six proteins did not have any differences.
Some segments (for example, HA, NP and NA) of the N2 and N3 viruses had common mutations in addition to uncommon mutations (Table 2) , which suggests that these segments originated from a common progenitor, but further evolved in N2 and N3 viruses independently.
Discussion
Amantadine-resistant influenza A/H3N2 belonging to the A/Wisconsin/67/2005-like lineage (N-lineage; clade N1 in this study) emerged in the Okinawa prefecture, islands with a subtropical climate, in Japan in the summer of 2005 and in the Japanase main islands in the winter season of 2005/2006, parallel to its worldwide emergence [3, 5, 7, 9, 11, 20] . In this study, we show that the N1 lineage continued to exist in the 2006/2007 season in Japan with co-circulation of an antigenic variant and reassortant amantadine-resistant A/Brisbane/10/2007-like strain (N3) and a reassortant amantadine-sensitive strain (N2). Similar complex circulation patterns and genetic diversity were reported during the same season in the United States [21] . [11] , although there was a slight discrepancy in the strains and segments involved. These differences could be attributed to the more restricted geographical distribution of the isolates collected before 2005 in their study, which only included viruses from New York city.
Moreover, we show here that clade N1 was involved in two further reassortment events that resulted in the appearance of N2 and N3 viruses in the 2006/2007 season. In the first event, clade N1 viruses replaced the PB2 and NP segments with those from pre-N-lineage [21, 22] . However, in the light of our results, we propose that the emergence of the N-lineage amantadine-sensitive viruses (N2) is more likely to have occurred by acquisition of two segments (PA and HA) from the resistant N1 strain with the remaining six segments, including amantadine-sensitive MP, being derived from various pre-N-lineage strains in [2003] [2004] [2005] [2006] . The finding that pre-N-lineage A/H3N2 viruses collected in 2005 and earlier contributed several segments to the N-lineage strains suggests that these viruses have continued to circulate in 2005 and after, but at undetectable levels. Alternatively, the reassortment event that produced the N-lineage strains might have occurred in a series of events, not in a single event, as suggested by the sporadic reassortant viruses detected in our study. Accumulation of these chance events finally generated the amantadine-resistant lineage that could efficiently infect and transmit from human to human.
The S31N mutation had been detected at low levels several years before the wide spread of amantadineresistant N-lineage strains [23] . Amantadine resistance in influenza is conferred by single amino acid mutations in the M2 channel [23, 24] . Previous studies have focused on investigating the specific effect of these mutations (including S31N) on replication, transmission and pathogenicity both in vivo and in animal models and reported no alteration in the replication and virulence of amantadine-resistant viruses [25, 26] . However, the evidence that transmission of amantadine-resistant viruses was found only in limited settings, such as family and elderly nursing homes [27] [28] [29] [30] , implied that the actual fitness of amantadineresistant pre-N-lineage viruses in humans was not as good as for amantadine-sensitive ones [31] . However, the wide spread of N-lineage amantadine-resistant viruses suggests an improved fitness of these viruses, compared with the old amantadine-resistant viruses.
We previously suggested a role for the HA mutations (S193F and D225N) in the emergence of the amantadine-resistant H3N2 strain [5, 6] . But, the fact that amantadine-sensitive viruses that emerged later could not survive in the lineages of A/H3N2 despite possessing these mutations implied that other mutations elsewhere in the genome also played a role. Herein, full genome analysis revealed several mutations, some of which occurred in sites of virus proteins with reported functional importance. Of interest were amino acid changes (S82P and K85R) in the mitochondrial targeting sequence of PB1-F2, a peptide that localizes to the mitochondria inducing apoptosis and which has a role in regulation of the host immune response [32] . These substitutions were exclusively observed in the amantadine-resistant clades N1 and N3, but not in amantadine-sensitive viruses of clade N2 or in pre-N-lineage viruses (clades A-E). Moreover, three amino acid substitutions (Q22I, L36V and V60A) in the RNA-binding region of NS1 [33] distinguished N2 viruses from other pre-N-lineage strains and from N1 and N3 amantadine-resistant viruses. The N2 amantadine-sensitive virus apparently had an inferior fitness compared with resistant ones, as it was short-lived.
To investigate the possible effects of various gene constellations on the replication of each strain, growth characteristics of representative viruses from pre-N-lineage amantadine-sensitive strains and each of clades N1, N2 and N3 (n=12) were analysed in vitro on Madin-Darby canine kidney cells (HZ, data not shown). Representative viruses were inoculated on Madin-Darby canine kidney cells at a multiplicity of infection of 0.001 and the supernatants were harvested at 24 and 48 h and virus titres compared. All tested viruses attained similar titres at the sampling times regardless of their genetic background (HZ, data not shown) suggesting that, at least in vitro, both amantadine-sensitive and amantadine-resistant strains have equivalent replication. However, in vitro studies have many limitations, including the absence of host immunological factors.; thus, in vivo studies, especially in ferrets, which are the closest animal model to the human host, remain essential to elucidate replication and transmissibility fitness of N-lineage amantadine-sensitive and amantadine-resistant viruses.
We conclude that at least two reassortment events contributed to the evolution and successful spread of recent amantadine-resistant A/H3N2 viruses. In this sense, the revival of amantadine-sensitive influenza A/H3N2 viruses would require, in addition to the absence of drug pressure, a number of naturally occurring genomic adjustments that enhance their fitness and enable them to compete with and replace resistant viruses. 
